The TATA binding protein (TBP) is a DNA-binding protein required by all three eukaryotic nuclear RNA polymerases for transcription initiation. Crystal structures of several TBP-DNA complexes showed that TBP binds to the minor groove of the TATA box, unwinds the TATA box, and bends the DNA towards the major groove. It has previously been shown both in vitro and in vivo that some A/T point mutations in the TATA core sequence have strong effects on transcription activity and that the induced degree of bending of TATA box mutants correlates with the stability of TBP-DNA complexes. In order to obtain structural, binding, energetics and dynamics changes between wild type (active) and mutated (inactive) TATA-box sequences, molecular dynamic simulations on three TBP-DNA complexes with the TATA sequences TATAAAAG, TAAAAAAG and TATGAAAG have been performed.
INTRODUCTION
The TATA box binding protein (TBP) is a DNA-binding protein required by all tliree eukaryotic RNA polyrnerasesl (Pol I, I1 and 11). The role of TBP in transcription has been studied extensively in the context of the RNA pol 11, where TBP has been shown to recognize and bind a conserved promoter element known as TATA box, consensus sequence TATAAAAa2 TBP binds several variants of TATAbox sequence^.^,^ The affinity of the TBP-TATA box interaction has been proposed to contribute to promoter strength both in vivo4 and in ~i t r o .~ Wobbe et aL4 analyzed the DNA sequence requirements for TATA element function by assaying the transcriptional activities of 25 promoters, including those representing each of the 18 single-point mutants of the consensus sequence. Their results showed that only two mutant elements, TAAAAAA and TATGAAA, had undetectable activity and that the others had activities ranging from 2 to 75% of the activity of the consensus sequence.
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The structures of several TBP-DNA complexes have been determined by X-ray cry~tallography.~~~All these studies revealed that TBP binds to the minor groove of the TATA box, unwinds the TATA box and bends the DNA towards the major groove. Starr et al." analyzed the extent, location and direction of the DNA bend induced by the TBP upon complexation using gel electrophoresis. They observed that the induced degree of bending of TATAbox mutants correlates with the stability of TBP-DNA complexes. Among the various mutant sequences, the sequence TAAAAAA showed the shortest lifespan and smallest relative transcription activity.
In a recent study, Patikoglou et al.1° determined the X-ray crystal structure of wild type TBP recognizing ten naturally occuring TATA elements including the consensus sequence. They concluded that TBP binding induced the same deformation in the core promoter independent of the sequence and the transcription activity of the TATA elements. Their attempt to crystallize TBP-DNA complexes containing TAAAAAA and TATGAAA was unsuccessful. Contrary to these results, in another recent study by Parkhurst et a1.12 observed variable DNA bends in solution in the TBP-bound adenovirus major late promoter (AdMLP) and eight naturally occurring variant TATA sequences. They observed a strong correlation between bend angles and relative basal transcription activity.
Several molecular dynamics simulation studies have been performed on the TATA box containing DNA sequences by various other groups. Flatters et aZ.l3 suggested that the TATA box region adopts an A-like configuration and undergoes bending related to that seen in the TBP-DNA complex. Using a TATAbox and three mutant DNA sequences, de Souza et aZ.l4 demonstrated that DNA sequence dependent curvature and flexibility play a significant role in TBP recognition, binding and transcription activity. A significant change in time-averaged structure and in dynamic behaviour was observed in the MD simulation study on a DNA oligomer containing the sequence TAAAAAA as compared to T A T U using the same MD protocol.15 Molecular dynamics simulation of seven DNA dodecamers containing various TBP binding sequences led Pastor16 et al. to suggest that alternating pyrimidine-purine (YR) sequences are preferred for TBP binding becauseYR steps achieve the average high rise required for the kinks a t steps 1 and 7.16 Hinge bending and twisting was observed in the simulation performed for the TBP-DNA complex by Miaskiewicz et az.17
The mode of interaction between TBP and its binding site is also interesting from a purely structural perspective. It is obvious that more detailed information of structural and dynamical aspects of interaction between TBP and DNA is necessary for understanding the molecular basis of TBP activities in TATA containing promoters. The computational methods, in particular molecular dynamics (MD) simulations can be employed to uncover an atomic detailed picture of TBP-DNA interactions in solution.
In the present study some of the questions concerning TBP-DNA interaction using MD simulations are discussed.
COMPUTATIONAL METHODS

Initial coordinates and preparation of systems:
The three DNA sequences and the amino acid residues in the DNA binding domain (DBD) of TBP along with their numbering schemes used in this study are shown in Figure 1 . The nomenclature used is based on Starr et al." The initial coordinates of WT' DNA and DNA-protein complex were obtained from the X-ray crystal structure of the TBP-DNA complex (NDB code PDTOO9). The atomic coordinates of WT, 29Aand 28G were built with Bform using the SYBYL programme. The starting geometries of 29A and 28G TBPDNAcomplexes were generated by replacing the T6-A9 andA7-T8 base pairs in WT TBP-DNA with A6-T9 and G7-C8 respectively. The 5' phosphate groups at the end of the strands were removed and replaced with hydroxyl moieties. The resulting structures were overlaid with a pre-equilibrated solvent box containing the CHARMM TIP3P water,18 sodium and chlorine ions. All the solvent atoms within 1.6A of any DNA non-hydrogen atom and 2.8A from any protein non-hydrogen atom were deleted. In addition, solvent atoms within 5.0 A from the minor groove nonhydrogen atoms in the TATA box region were also deleted. For each system the size of the solvent box is determined according to the maximum and minimum coordinates of the solute non-hydrogen atoms in each direction. The edges of the solvent box were extended a minimum of8-9A along each direction. The ionic strength of 0.78M was maintained via addition of NaCl beyond the solute.
M D Simulations:
MD simulations were performed using the CHARMM p r~g r a m m e l~.~~ in the NPT ensemble a t 300 K. The new CHARMM27 all-atom force field21 was used in all simulations. All calculations were performed using SHAKEz2 to constrain covalent bonds involving hydrogen, allowing for an integration time step of 0.002 ps in the integration of the equation of motion. The image atoms were generated using the CRYSTAL23 in CHARMM. The electrostatic interactions were treated via the particle mesh Ewald (PME) method.24 The PME charge grid spacing was approximately 1.0fi and the calculations were performed using real space cutoff 10 A. The value of the screening parameter (kappa) used in all PME calculations was 0.34. The Lenard-Jones interactions are evaluated with 10 A atom-based cutoff.
All calculations were carried out applying periodic boundary conditions. The resulting systems were energy minimized using 100 steepest decent (SD) steps keeping all solute non-hydrogen atoms fixed. The energy minimized systems were then subjected to 50 ps isothermal, constant volume MD simulation with all solute atoms harmonically constrained with mass weighted force constant of 5 kcal/mol/ A to equilibrate the solvent around solute. This system was energy minimized using 200 ABNR(Adopted Basis Newton Raphson) steps and the resulting coordinate set was used to initiate the production trajectory. Simulations were done for 2. 011s saving trajectory for every 1.0 ps. For all simulations, the first 500 ps portion of the trajectory was considered as the equilibration, with analysis performed on the remainder of the trajectory. 
Analysis of trajectories:
The root mean square deviation (RMSD) is calculated using the CORREL command in CHARMM for entire trajectory in each simulation. The helicoidal and phosphate backbone structural parameters were calculated using the FREEHELIX programme.25 The first 500ps of each trajectory is considered as the equilibration time and the analysis was carried out on the last 1500 ps of simulations. The averages and standard errors were calculated by dividing the data into five blocks of 300 ps each and carrying out statistical analysis on the block average values.
RESULTS
RMSD Analysis
DNA Simulations: Analysis of the trajectories for the base pair hydrogen bond distances revealed that in all cases the Watson-Crick duplex structure of DNA was maintained throughout the simulations. The root mean square deviation (RMSD) for each simulation was calculated with respect to the A and B form of DNA and X-ray crystallographic structure of DNA in the TBP-DNA complex. Figure 2 shows the variation of RMSD as a function of time for three DNA simulations. The lack of long-term drift to higher values after 500ps in RMSD suggested that the simulations .
are equilibrated. The calculated average RMSD and fluctuation, with respect to the canonical B-DNA conformation over 2000ps interval, is 3.4+1.7,2.8+0. 6 and 2.5k0.3 A for WT, 29Aand 28G respectively. With respect to the canonical A-DNAit is 4.6k0.9, 5.0k0. 5 and 5.5k0.4 A for WT, 29Aand 28G respectively. In order to test the influence of the starting conformation on the dynamic behaviour of 14-mer, another simulation was carried out for WT DNA under the same conditions as described in the methods section but using the initial geometry of DNA from the X-ray crystal structure of the TBP-DNA complex. The key feature of this WT trajectory is the departure of DNA from the distorted form to the B form within 500-700ps. Apart from the local fluctuations around 1100-1300ps in WT and 400-600ps in 29A, Figure 2 shows that DNA remained in the B-conformation throughout the trajectory. In order to investigate the structural changes in the TATA box region during the course of simulation, the RMSD of this region was calculated with respect to canonical A and B-DNA and experimental DNA structures. The calculated RMSD values for WT, 29A and 28G are 2.5fil.l,2.0+0.3 and 1.8+0.3 A with respect to B-DNA and 3.0k0. 6, 3.3k0.3 and 3.6k0.3 A with respect to A-DNA and 4.1k1.0, 4.7k0.3 and 5.0k0.3 A with respect to the experimental DNAstructure. These results confirmed that TATA box region of all three 14-mers also remained in the B-DNA conformation. Our prediction that the average conformation adopted by 14-mers and also the TATA box region is closer to the canonical B-DNA is contradictory to the previous molecular dynamics results. Flatters and co-worked3 showed that one TATA box sequence, that of the S. cerevisae TBP-DNAcomplex,7 inherently adopts an A-like conformation in the TBP binding region. Four MD simulations (WT and three mutants 27T, 30T and 29A) starting with the canonical B form were performed on a dodecamer containing TATA box sequence by de Souza et aZ.l4 Their RMSD results showed that WT and 27T adopt an Aform whereas 30T and 29A adopt a B form.
TBP-DNA Simulations: Including the WT and two single point mutants of the TATA consensus sequence, 2ns length MD simulations were performed on the TBP-DNA complex. Two mutants were selected based on the result that they show no transcriptional activity both in vitro and in ~i v o .~ All three simulations were initiated from the X-ray crystal structure of the TBP-DNA ~o m p l e x .~ In order to investigate how the DNA and protein dynamics change throughout the simulations, the RMSD values with respect to their X-ray crystal structures and canonical A and B forms were calculated. As shown in Figure 2 , the RMSD values predict that the DNA structure stays closer to the experimental structure. The average RMSD values with respect to the experimental structure for the WT, 29A and 28G trajectories were 1.6, 1.7 and 1.9 A respectively. The RMSD values of the TATA box segment with respect to the experimental structure were also calculated. The values obtained for WT, 29A and 28G are 1.2,1.2 and 1.2 A respectively. These results indicated that the average simulated structures of DNA in TBP-DNA complexes in the condensed phase are very close to the X-ray structure of DNA in the TBP-DNA complex. The average RMSD values of the TBP backbone atoms with respect to the experimental structure for WT, 29A and 28G are 1.57, 1.49 and 1.54 A respectively, and for sidechain atoms are 2.07,2.18 and 2.06 A respectively. All these results suggested that a globally stable TBP-DNA interaction exists throughout the trajectory for all three complexes. In order to understand the dynamical behaviour of the amino acids in the DNA binding domain (DBD), the RMSD of each amino acid in the DBD was calculated with respect to the crystal structure. The results shown in Figure 3 revealed that amino acids in the DBD behave almost similarly in all three complexes despite the fact of single point mutations in the TATAbox segments of 29A and 28G.
The RMSD values of backbone and side-chain confirmed that structural interactions between DBD of TBP and DNA observed in the crystal structure are well retained during the simulations. The variation of the average propeller twist value for 14 base pairs is shown in Figure 5 . The large negative propeller twist values in the TATA box sequence are a feature characteristic to A-tracts. Highly twisted base pairs were observed in the Xray crystal structures of short DNA oligomers containing A -t r a c t~.~~ X-ray crystallographic studies of aTBP6-9 with DNA have revealed major DNA deformations such as unwinding and bending upon complex formation. The structure of the eight base pair TATA box differs significantly from both A and B form DNA. Guzikevich-Guerstein et suggested a novel conformation, named TA-DNA, for the TATA box. The flanking DNA on either side of the TATA box adopts the canonical B-form. Here a detailed analysis of DNA helicoidal parameters observed throughout the 2ns trajectory of WT, 29A and 28G complexes is presented. The calculated results are compared with the corresponding values found in the aTBP-DNA and TFIIBaTBP-DNA29 crystal structure. The selected average base step parameters calculated using the FREEHELIX programme is shown in Figure 5 . The kinks a t the T-A (-31):A-T(-30) and A-T(-25):G-C(-24) steps in the aTBP-DNA crystal structure due to the partial intercalation of phenylalanine rings are reflected clearly in large positive roll angels. Similar but somewhat reduced roll angles were also seen in the crystal structure of the TFIIB-aTBP-DNA. Figure 5 shows a large positive roll angle at the T-A(-31):A-T(-30) step in all'three simulated complexes suggesting the existence of the first kink as observed in the crystal structures. However, the position of the second kink in the simulated structures depends on the sequence. It is moved one base step up in the 3' to 5' direction in WT and retained in the same position in 28G simulation as in the crystal structures. There is no significant kink observed in 29A simulation at A-T(-25):G-C(-24) step. As seen in Figure 5 , the roll of the base steps in the center of the TATA box also contributes to the bending. The small roll angles in the two flanking regions correspond to the typical B-DNA conformation. In contrast to roll, tilt is small and plays no significant role in DNA bending. The helical twist values for the TATAbox sequence are lower than the 36 expected for undeformed B-DNA. The simulated and two crystal structures exhibit similar helical twist patterns in 14-mer. In general, the average helicoidal parameters of the three simulated complexes agree quite well with the corresponding values obtained from the crystal structures of aTBP-DNA and TFIIB-aTBP-DNA.
The backbone torsion angles for the TATA box region of the simulated structures agree well with the crystal structures as shown in Table 1 . It is very clear t h a t torsion angles among t h e simulated structures a r e almost indistinguishable regardless of the single point mutations. The torsion angles of the TATA box region are close to the values typical of A-DNA, whereas those of the flanking regions are close to the B-DNA. The average pseudo-rotation angle for the TATA box region varies between C,'-endo to 0,-exo and the flanking regions show C2'-endo sugar puckers corresponding to B-DNA. 
Minor Groove Width
It has been shown by X-ray crystallographic results that when TBP binds to DNA the minor groove width of DNA is increased. We have calculated the minor groove width of DNA in free and complex simulations by measuring the smallest P-P distance across the strands according to the procedure described by Hassan et aL30 The results are tabulated in Table 2 . The minor groove width of WT TBP-DNAcrystal structure and canonical A and B-forms of DNAwere also measured using the same procedure and listed in Table 
DNA bending
The degree of TBP induced bending of the DNA duplex has shown to be a significant aspect of its transcription activity. We have calculated the degree of DNA bending as the angle between second and thirteenth base pair normal vectors using the FREEHELIX programme. The variation of bend angle as a function of time for three TBP-DNA simulations is shown in Figure 6 . Figure 6 shows that the DNA duplex in three complexes remains bent throughout the simulation. 
Interaction Energy
In order to understand how TBP interacts with DNA, we have calculated the interaction energy between the TBP and DNA. The results shown in Table 3 revealed that the interaction between DBD of TBP and TATAbox region of DNA contributed 87.3% in WT, 87.6% in 29A and 97.3% in 28G to the total interaction energy which is calculated as the sum of electrostatic and van der Waals components of the energy. The remaining percentage of the interaction energy accounts for the rest. On average, the total interaction energy between DBD and TATAbox comprises 91% electrostatic energy and 9% van der Waals energy. These results suggested that the long-range electrostatic interactions play an important role in stabilizing the TBP-DNA complex.
As observed in X-ray crystallography, the total van der Waals interaction energy between TBP and DNAis primarily due to the interaction between DBD and TATA box region. The calculated percentage van der Waals interaction energy between DBD and TATA region in WT,29A and 28G are 82, 83 and 81% respectively. The calculated total interaction energy between DBD and TATA box region of 29A and 28G are 167 and 2 kcaVmol larger than WT. The total interaction energy between TBP and DNA revealed that the TBP-DNA interaction in WT is favoured over 29A and 28G by 195 and 140 kcallmol respectively. This extra stabilization gained by the WT over the 29A and 28G contributes favourably to the overall free energy of formation of the complex. To get further insight into the DBD and TATAbox interaction, the interaction energy was calculated by dividing the DBD into side-chain and backbone and TATA box into minor groove, major groove, phosphate and sugar regions. The results given in Table 4 showed that the electrostatic interaction between phosphate atoms in the TATA box region and side-chain of amino acids in the DBD dominates the total interaction energy. The sugar atoms in the TATA box showed repulsive interaction with the side-chain amino acids. The results also showed that minor and major groove, phosphate and sugar atoms interact favourably with the side-chain amino acid atoms via van der Waals interactions.
Further analysis of interaction between DNA and TBP was carried out by calculating the interaction energy between the TATA box region and each amino acid in the DBD. Figure 7 shows the electrostatic interaction energy between phosphate and sugar atoms of theTATA box and each amino acid in the DBD. Only nine out of 35 amino acids in the DBD of TBP interact significantly with the phosphate atoms. The repulsive interaction between Glu51 and phosphate is due to the two negatively charged groups. Arg56, arg63,lys78,lys85, arg154,lys169 and lys176 showed attractive interactions with phosphate atoms and are due to the positively charged N atoms in arginine and lysine residues in DBD and negatively charged 0 atoms in phosphate. The second major contribution to the electrostatic interaction energy comes from sugar and amino acid residues in DBD. The interaction between backbone sugar atoms and the amino acid atoms is repulsive in all three complexes. It is interesting to note out that the same nine residues also interact with the sugar atoms with opposite signs. It is important to note here that any mutation carried out in the TATAbox would not change the electrostatic interactions discussed above. As shown in Figure 7 , almost similar electrostatic interaction energy patterns were observed for all three systems investigated in this study. 
CONCLUSIONS
Experimental studies by Starr and co-workersll found that the magnitude of DNA bending is proportional to both the stability of the DNA-TBP complex and the level of transcriptional activity. The calculated average bend angle of WT DNA-TBP complex in the present study lies between the values obtained from the X-ray crystal structure and gel electrophoresis. Comparison of RMS differences and bend angles from the MD simulations for the three DNA-TBP complexes show the WT and two mutant DNAstructures to be similar, although a small decrease in bending is calculated. The calculated bend angle for the 29A complex is larger than the experimental value from gel electrophoresis. This result and the measured lifespan of the 29A complex being 1 minute indicates that the 3ns simulation time is not enough to observe complete relaxation of the mutant complexes. 
3
Component analysis of the DNA-TBP interaction energies indicates that the contributions to the less favourable energetics in the mutants are delocalized over both the DNA and the protein. This result suggests that the specificity of the TBP for the TATA box is due to the sum of collective interactions rather than specific interactions involving individual nucleotides andlor protein amino acid residues.
4
Patikoglou and co-worker^'^ have predicted that the introduction of a G-C base pair at the fourth position of the TATA box would interfere with the contact between the Val119 and the minor groove surface due to the exocyclic amino group of the guanine located in the minor groove. However, we did not observe unfavourable contacts in the 28G simulation suggesting that the flexibility of the TBP allows for similar protein-DNA contacts as in the WT complex.
